Asymptotic models (small perturbation and small slope approximation at first-order, Kirchhoff approximation or two-scale model) used to predict the normalized radar cross section of the sea surface generally fail to reproduce in detail backscatter radar measurements. In particular, the predicted polarization ratio versus incidence and azimuth angles is not in agreement with experimental data. This denotes the inability of these standard models to fully take into account the roughness properties with respect to the sensor's configuration of measurement (frequency, incidence, and polarization). On the basis of particular assumptions, to decompose the scattered electromagnetic field between zones covered with freely propagating waves and others where roughness and slopes are enhanced, recent works were able to match observations. In this paper, we do not assume such a decomposition but study the latest improvements obtained in the field of approximate scattering theories of random rough surfaces using the local and resonant curvature approximations. These models are based on an extension of the Kirchhoff Approximation up to first order to relate explicitly the curvature properties of the sea surface to the polarization strength of the scattered electromagnetic field. Consistency with previous approaches is discussed. As shown, dynamically taking into account the sea surface curvature properties of the surface is crucial to better interpret normalized radar crosssection and polarization ratio sensitivities to both sensor characteristics and geophysical environment conditions. The proposed developments, termed the Resonant Curvature Approximation (RCA), are found to reproduce experimental data versus incidence angle and azimuth direction. The polarization sensitivity to the wind direction and incidence angle is largely improved. Finally, Gaussian statistical assumption adopted to derive the analytical expression of the normalized radar cross section is also discussed. In particular, the third-order cumulant function is shown to better reproduce the secondorder up-/down-wind azimuth modulation. The proposed developments appear very promising for improvement of our understanding and analysis of both sea surface radar backscatter and Doppler signals.
1 to reach KA and SPM-1 asymptotic solution. Accordingly, the polarization ratio at a 87 given incidence angle will be sea surface roughness dependant.
88
In this paper, we first expose the remaining issues in the field of the sea surface NRCS 
Position of the problem
To date, there is no electromagnetic model able to reproduce the NRCS in both VV and HH polarizations for all incidence angles, radar wavelength and wind conditions (speed, direction). In particular, the polarization sensitivity is not correctly reproduced. as the ratio of the NRCS in VV over the NRCS in HH polarization. On figure 1 (a), we present the PR versus incidence angle calculated from Ku-band NRCS in both VV and HH polarizations measured by NSCAT. The data acquired in Ku-band were already presented
by Quilfen et al. [1999] . We consider incidence angles from 20 
where U is the near-surface wind speed, θ the radar's incidence angle and Φ the wind 98 direction relative to the radar's azimuth look direction. pp denotes the co-polarization 99 considered. With radar data, model predictions given by SPM-1, TSM, KA and SSA-1 100 are presented. The sea surface description is given by the unified spectrum for short 101 and long wind driven waves proposed by Elfouhaily et al. [1997] . To be consistent with 102 these observations, we consider only the isotropic part of the spectrum. Analytical NRCS upper medium and the lower medium (respectively air and water in our specific case).
140
The ( 
147
The scattered field above and far away (R → ∞) from the sea surface is assumed to be related to the incident wave through the relation:
S(k, k 0 ) is the so-called scattering operator. E s (R) and S(k, k 0 ) can be decomposed on the fundamental polarization basis:
where the subscripts v and h indicate the vertical and horizontal polarizations, respec- superscript to the up-going waves. In this vectors basis, the scattering operator is related to the scattering amplitude 2 × 2 matrix through:
where the superscript T stands for the transpose operator. In the 2 × 2 matrix, the 148 first subscript indicates the incident polarization whereas the second one indicates the 149 scattered polarization configuration considered.
150
For a given polarization configuration pq, S pq (k, k 0 ) is further written as:
where
) is a Kernel depending on the approach considered to establish the 151 solution.
152
The scattering cross-section is given by the incoherent second order statistical expression:
Local and Resonant Curvature Approximations
Based on the work performed by Elfouhaily et al. [2003b ], Elfouhaily et al. [2003a 153 expanded the scattering matrix up to the first order such as:
is a kernel defined to take into account the surface curvature effects on the scattered field. which conserves all the dynamic properties of this proposed solution but with a weaker 164 polarization sensitivity, considering only the curvature effect of the resonant Bragg waves.
165
In this case, the Kernel expression is:
As already discussed by Mouche et al. [2006a] , this solution can be compared with the 167 improved Green's function method proposed by Shaw and Dougan [1998] excepted that 168 the formulation helps to preserve the required shift and tilt invariance properties due to 169 the LCA-1-like formalism of the RCA solution.
170
Assuming Gaussian statistics for the sea surface description, the derivation of the NRCS using the scattering matrix expansion up to the first order for any expansion such as
dξ was already done and discussed in the context of LCA/RCA models by Mouche et al. [2006a] . In the case of microwave scattering from the sea surface sea surface, it was concluded that the predicted NRCS is very similar than the one using the phase perturbation method firstly proposed by
Berman and Dacol [1990] and then applied by Voronovich and Zavarotny [2001] in the
context of SSA-2. Thus, in this paper, for RCA, we consider that the first order term of the Volterra series in the scattering matrix expansion is a small perturbation in the phase term of the zeroth order contribution in Eq. () such as: 
with:ρ term in LCA/RCA formalism. As the comparisons with data are also satisfying for the 231 DP quantity, we are confident in the first order resonant curvature term of RCA.
232
To evaluate the ability of RCA to reproduce the data for different incident wavelengths,
233
we also present a set of comparisons in X-Band. These data were collected during POL-
234
RAD'96 experiment. The wind speed considered here was provided by buoys, ships and/or 235 model. The data set and the instrument were presented in details by Hauser et al. [1997] .
236
On the figure 5, as for STORM data, we present the PR (a), DP (b) and the NRCS (c-d)
237
in both co-polarizations. In this case, from buoys and ship measurements, the wind speed 238 is approximatively 8 m/s (we consider the mean of the four available measurements).
239
As we already concluded for the C-Band, RCA/LCA formalism enables to reproduce an 240 azimuth modulation for the PR. RCA predictions give a better agreement with the data 241 than any of the other models presented in this paper.
242
These good agreement between RCA model and the data in C-and X-Band for the it would be easy to resolve only one aspect of the NRCS models but destabilizing an other.
245
The consistency between RCA with data on these four aspects, where SSA-1, LCA-1 or
246
KA fails (at least on one of these aspects), show the robustness of the model. the longer waves slopes, the lower amplitude Bragg waves are predominantly windward.
265
On the windward side, the longer waves may be slightly steeper and rougher to decrease Thus, we need to consider higher moments in the statistical derivation of the NRCS.
276
The third order correction to the characteristic function enables to consider the skewness 277 effect of the waves. In the local frame of RCA model, the modified characteristic function 278 up to the third order is simply:
whereS skew is the skewness function associated to the modified surface height function.
280
According to RCA formalism it is clear that any correcting order of the characteristic 281 function can be polarization and frequency dependent. Following this idea, the NRCS 282 when considering the skewness effect is:
In this work we choose for the skewness function a generic formulation as proposed by 
where φ is the angle of the wind direction relative to the radar's azimuth look direction The formalism of LCA/RCA has the advantage to take into account the depolarization 316 effect of the sea surface through a dynamical term which depends on both the configuration 317 of the instrument (incidence, frequency and polarization) and the sea surface curvature 318
properties. This is a key element for an improved understanding of the electromagnetic 319 and oceanic waves interactions. In the framework of RCA, the first order term enables 320 to reproduce the NRCS in both co-polarization versus incidence angle in the microwave and KA models as they are used through the paper. The derivation is done in case of
368
Gaussian statistics. We consider the same coordinates system and definitions than those 
where P (tan Ψ, tan δ) is the joint probability density of slopes for the long waves, θ i the 376 local angle, and σ 0 BR the NRCS given by the SPM-1 due to the small roughness elements 377 modulated by the longer waves. In our calculation this probability density is assumed
378
Gaussian. The calculation of σ 0 BR is done considering the angles corrections given by
379
Elfouhaily et al. [1999] instead of initial Valenzuela's results [Valenzuela, 1978] : with S x = tan Ψ and S y = tan δ, the slopes of longer waves in and perpendicular to the incident plane.
